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The paper reports on the synthesis and evaluation of photo-
chemical properties of gold nanorods (Au—NRs) coated with
PEG with a thiol (—SH) group or SiO, and their physical mixtures
with pheophorbide a. Also biological activity of these systems
was tested in photodynamic therapy directed towards Staph-
ylococcus aureus. The potential additive effect between differ-
ently functionalized Au—NRs and the dye pheophorbide a was
also studied. The efficiency of singlet oxygen generation varied
considerably depending on the type of PEG polymer used for
coating NRs and was the highest, of 65%, for the polymer PEG

Introduction

Photodynamic therapy (PDT) has emerged as a valuable
therapeutic option for combating bacterial, fungal, and viral
infections, however, it has some limitations when applied to the
disease affected tissues.™ The inherent limitations of the
standard photosensitizer (PS) formulations can be eliminated or
reduced by physically encapsulating PSs into nanocarriers.®'”
Under physiological conditions, transport of hydrophobic PSs to
target sites may be facilitated when they are encapsulated into
stable formulations such as polymeric nanocarriers which
should have the optimal size for prolonged circulation in the
organisms. In recent years, many different drug delivery systems
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(10k) and the Au—NRs concentration of (1.33x10™"" M). For the
other studied PEGs (2k, 5k) and the same concentration of NRs,
a decrease in the singlet oxygen generation efficiency was
observed. The most effective against Gram-positive bacteria
were the mixtures of PEG-coated Au—NRs with pheophorbide a,
exposed to irradiation at 405 nm and 660 nm, which provided a
> 5.8 log reduction in the bacteria growth. However, no strong
bactericidal effect was noted in the case of irradiation with
525 nm.

have been developed. An example of the most promising ones
is the conjugation of PS with gold nanoparticles (Au—NPs)
platform, leading to the formation of water-soluble systems
with efficient singlet oxygen generation (¢,).""'?

Au—NPs offer several benefits as PS delivery systems,
including protection of the PS from enzymatic degradation,
control of PS release to ensure constant and uniform concen-
tration in target cells and the ability to penetrate target cells
thanks to their submicron size, biocompatibility and resorb-
ability through natural pathways.

Suitable functionalization minimizes the problems associ-
ated with nanoparticle aggregation, stability, and toxicity in
relation to living organisms.™® Many synthetic polymers have
been used to enhance the biocompatibility of gold nanorods
(Au—NRs). However, polyethylene glycol (PEG) is the most
popular.™™ PEG is widely known for its biocompatibility, its
stealth properties, resistance to protein adsorption, and its
extended circulation time in the plasma.”’

In recent years, numerous modifications of Au—NPs have
been developed to enhance their antimicrobial potential.
Au—NPs have been linked to antibiotics, phospholipids, and
polymers, among others."® Development of new gold-based
platforms for photodynamic antimicrobial chemotherapy
(PACT) is currently underway. Rossi et al. have developed a
polyurethane-based matrix with anchored Au—NRs and a dye
(crystal violet — CV). The system was exposed to white light and,
as a result, it was able to reduce the number of colony-forming
units (CFU) of E. coli bacteria by up to 99% (2 log)."” It is
assumed that the increased efficacy of PDT using nanospheres
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(Au—NSs) and Au—NRs may be related to their higher absorption
coefficient than those of organic dyes."® In another study, gold
nanoclusters in combination with CV have been used, leading
after irradiation, to a reduction in the number of viable S. aureus
bacteria by more than 3.3 logs."” Au—NSs were combined with
methylene blue (MB) to study photodynamic activity and then
tested against planktonic S. mutans and its biofilm. The experi-
ment showed that both Au—NPs—MB combinations and MB
alone were effective against the bacteria, but there was no
significant difference in effectiveness between them.”” A differ-
ent conclusion was reached by Maliszewska et al., who demon-
strated greater effectiveness of biogenic Au—NSs in combina-
tion with MB. In this case, a better effect was achieved for both
Gram-positive S. aureus and Gram-negative E. coli.

Moreover, the combination with biogenic Au—NSs partially
prevented the photobleaching effect and increased the effec-
tiveness of PACT.?" Rahme et al. have synthesized Au—NSs with
diameters ranging from 15 to 170 nm. PEG polymers with a
thiol group (PEG-SH), of molecular mass in the range from
2100 to 51000g mol™' were used as effective ligands to
stabilize the molecules.”” Cheng et al. have developed a highly
efficient drug vector for PDT by synthesizing Au—NSs with
PEG—SH conjugates, which act as a water-soluble, biocompat-
ible ‘cage’ to deliver a hydrophobic drug to the PDT site of
action. They demonstrated that the drug release dynamics
invitro in a biphasic solution system and invivo in cancer-
bearing mice indicated that drug delivery was highly efficient,
and that passive targeting favored the tumor site. In the case of
Au—NSs and silicon phthalocyanine conjugates (Au—NPs@Pc4),
the drug delivery time required for PDT was significantly
reduced, to less than 2 h, compared to 2days for the free
drugs."" An interesting approach has been presented by Hone
et al. The Au—NSs were stabilized with phthalocyanine (Pc) as a
PS. Ternary nanoparticles (PS/Au—NPs/reagent transfer phase)
were shown to generate singlet oxygen with increased
quantum yields compared to the free Pc”® In addition, it has
been previously reported that the transfer phase enhances the
solubility of the surface-bound hydrophobic PS in polar
solvents, which would facilitate their systemic injection. The
results suggest that these ternary structures have the potential
to be useful carriers for the delivery of PSs in PDT procedures.”®
To confirm the therapeutic efficacy of Au—NRs@PEG—SH phys-
ical mixtures, they were tested against bacteria. It was
concluded that plasmonic nanoparticles could be delivered to
both Gram-positive and Gram-negative bacteria, boosting both
the photo-antibacterial activity and the singlet oxygen level in
the cells.***’

In this work, we have presented the influence of functional-
ized Au—NRs and PS in physical mixtures on antimicrobial
activity. The photodynamic effect can be controlled by mod-
ification of the Au—NRs coating type. Moreover, we have shown
that these mixtures can be used as an alternative to antibiotic
therapy, due to the efficiency of ¢, and their photoactivity
against Gram-positive S. aureus.
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Results and discussion

The synthesis of Au—NRs was carried out by a seed-mediated
growth method. Au—NRs were characterized by UV-Vis spectro-
scopy and exhibited a characteristic transversal and longitudinal
peaks at 520 nm and 660 nm, respectively (Figure 1). The final
concentration of Au—NRs was calculated from the Lambert-Beer
law. Based on TEM images of NRs, the aspect ratio of 2.25 (the
length 53.2nm+1.8nm and width 23.6 nm+1.3 nm) was
calculated, and their extinction coefficient was adopted from
the work of Orendorff and Murphy.”® A particularly important
problem is the role of silver ion in the synthesis of seed growth.
The concentration of silver nitrate is an essential parameter in
the control of the aspect ratio of these single crystalline Au—NRs
during synthesis. Single-crystal Au—NRs must contain Ag* ions,
as pentawinned Au—NRs cannot grow anisotropically without
them. Metal reduction with Au—NRs tips is less selective in the
absence of silver as a surface-active agent.”” The functionaliza-
tion process of Au—NRs was carried out using SiO, and PEG—SH
with different chain lengths (2k, 5k, 10k). Regardless of the type
of nanocomposite to be designed, the colloidal stability of the
resulting solution and the ease of functionalization are the key
factors. A potential desorption of the ligands from Au—NPs is
another crucial point. In particular, silica appears to be an
excellent choice to prevent particle coalescence and solve this
issue. In addition, silica is optically transparent, chemically inert,
and easy to functionalize. The tetraethyl orthosilicate (TEOS)
was used to functionalize Au—NRs in the first stage of the
synthesis. The silane groups completely covered the Au surface
resulting in positive contact with the metal by the condensation
of siloxane groups (Figure 1). The hydrolysis and condensation
of TEOS to form SiO, can be catalyzed by changing pH values.
For this study, the Au—NRs with a length of 53.2 nm+1.8 nm
and width 23.6 nm 4 1.3 nm were selected. The thickness of the
silica coated was 1442.4 nm.*®

On the other hand, the substance most often used for the
thiol modification of surface nanoparticles is PEG with a thiol (-
SH) group. PEG is a neutral hydrophilic polymer that imparts a
high degree of stability and biocompatibility to Au—NRs and
gives nanostructures the'stealth’ quality. The process of PEGyla-
tion is a complex and multi-faceted one, involving a number of
physical and chemical processes. The dissolution of the CTAB
ligands, the diffusion of the PEG ligands into the CTAB layer,
and the reaction or absorption of PEG—SH with gold are all
necessary reaction steps for PEGylation."*'**) The general
consensus is that plain Au—NRs are toxic invitro as well as
in vivo depending on the concentration. The toxic effect (such
as that of Ag™) can be reduced or even eliminated by properly
modifying the surface of Au—NRs (SiO, or PEG—SH). The shell
acts as a physical barrier that should minimize interactions with
the nanomaterial surface and the release of toxic ions from the
core material that could interact with the organisms. To avoid
problems such as the irreversible aggregation of Au—NRs, the
synthesis settings, and environment must be carefully managed
at each stage. Several important variables can have impact on
the thickness, the grafting density, and the exchange efficiency
of Au—NRs PEGylation. For PEGylation, the Au—NRs with an
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Figure 1. A) TEM images of coated gold nanorods by SiO, (Au—NRs@SiO,); B) extinction spectra of AUNRs@PEG—SH and AuNRs@SiO,.

aspect ratio of 2.25 were selected. The details of the functional-
ization process have been recently presented by Btaszkiewicz
et al.”®* and Tim et al®" The value of ¢, is one of the most
important photophysical factors. It defines the photodynamic
potential and the ability to affect biological structures. As the
value of this parameter for the chlorophyll derivative pheophor-
bide a (Pheide g, Figure 2) (the product of the decomposition
of chlorophyll occurring in nature) is about 62% (EtOH),5? it
was chosen for the study. A series of physical mixtures
containing a constant concentration of the dye and a variable
concentration of the Au—NRs, was prepared. Figure 3 shows the
dependence of the absorbance on the wavelength of the
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Figure 3. a) Absorption spectra of physical mixtures of Pheide a (constant concentration 1.65-107° M) with different concentrations of Au—NRs@PEG—SH (10k;
(0, 1.33, 2.66, 4.00, 5.33, 6.66)- 10~ ' M), b) Linear dependence of absorbance on Au—NRs@PEG—SH concentration for a longitudinal maximum of Au—NRs.
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Figure 4. Fluorescence spectra of physical mixtures consisting of Pheide a with different contents of Au—NRs@PEG—SH (10k) after excitation at wavelengths of
410 nm (left) and 667 nm (right); the concentration of Pheide a was adjusted to 1.65-107° M.

absorption spectrum of the prepared physical mixtures. The
absorption spectra (not shown) were also recorded for the
investigated systems with 1,3-diphenylobensofuran (DPBF) to
estimate their efficiency of the singlet oxygen generation.

The increase in the intensity of the absorption band is the
result of increasing concentration of Au—NRs in each successive
mixture. The stock solutions of Pheide a were prepared in such
a way that the value of the absorbance at the wavelength
corresponding to the Q-band maximum was below 0.15. The
absorption spectra of the mixtures studied are characterized by
two distinct bands, one at 410 nm and the other at 667 nm.
These maxima are related to the Soret and Q bands,
respectively, and are due to the presence of Pheide a.

The physical mixtures of Au—NRs@PEG—SH - Pheide a were
subjected to fluorescence analysis, while for the physical
mixtures of Au—NRs@SiO, - Pheide a the data concerning the
spectral properties as well as ¢, based on our previous study,
were used.”® Figure 4 shows the fluorescence spectra of Pheide
a in the physical mixtures excited at the wavelengths of 410
and 667 nm. The decreasing intensity of the fluorescence bands
is correlated with the increase in the concentration of Au—NRs
in each successive mixture (Figure5). The fluorescence effi-
ciency of Pheide a for selected concentrations of
Au—NRs@PEG-SH (10k; (0, 1.33, 4.00, 6.66)-10~"" M) was calcu-

fluorescence efficiency [%)]
i

20 T T T T T T T
0 1 2 3 4 5 ] 14

Au-NRs concentration x 10" [M]

Figure 5. Fluorescence efficiency of Pheide a in the presence of
Au—NRs@PEG—SH (10k) after excitation at 410 nm and 667 nm.
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lated and the values are given in Table 1. As can be seen from
the data, the fluorescence efficiency of the dye decreases
linearly with increasing concentration of Au—NRs (Figure 5).

The Stern-Volmer dependence (Figure 6) was also plotted
for the investigated mixtures ((0, 1.33, 4.00, 6.66)-10""" M). Its
linear character suggests a single quenching mechanism and its
dynamic character in the studied systems. The Ky, values
obtained are of the order of 10" M~". Therefore, the quenching
phenomenon may be referred to as ‘super quenching’.

The quantum efficiency of ¢, for the physical mixtures
studied, plotted as a function of Au—NRs@PEG—SH concentra-
tion (Figure 7), shows that the highest value was obtained for
the concentration of 1.33-107"" M, independently of the

Table 1. Fluorescence efficiency of Pheide a in the presence of
Au—NRs@PEG—SH (10k) at different concentrations.

Au—NRs@PEG—SH dr [%] (410 nm) o [%] (667 nm)

[M]

0 28.0 28.0
1.33-10" 257 26.4
4.00-107" 239 24.5
6.66-107" 20.8 21.6

1649 = 410 nm .
® 667 nm
T 144 :
E -
)
=i
o
-
x
L 104
!w
» 0.8
Q
£
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2
2 ///
7] =
02 ////{
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Figure 6. Stern-Volmer dependence of the physical mixtures consisting of
Pheide a and Au—NRs@PEG—SH (10k) for two excitation wavelengths.
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Figure 7. Singlet oxygen generation efficiency for the physical mixtures of
Pheide a and Au—NRs@PEG—SH (10k) vs. the concentrations of
Au—NRs@PEG—SH.

PEG—SH used. For the concentrations higher than the above
one, the efficiency decreases significantly, which may be due to
the overloading of the nanoparticles and excess polymer chains
in the physical mixtures studied.

The type and thickness of the coating layer, the concen-
tration of metal nanostructures and their scattering properties
can influence the increase in quantum yield of ¢, in physical
mixtures. Chadwick et al.®® have found that the photogenera-
tion of singlet oxygen with a low quantum yield, is facilitated
by citrate-stabilized nanoparticles. This requires careful design
of Au—NPs, as even a moderate thickness of the capping layer
may completely prevent the formation of singlet oxygen.
Furthermore, the efficiency of the process is also dependent on
the size of the nanoparticles. Various biocompatible polymers
that offer appropriate surface chemistry and stability can be
used to coat Au—NRs (e.g. PEG). The coating of the Au—NRs
surface with polymers can be a preventive measure against
instability, which is a result of aggregation. Previous studies®
have shown that the PEG coating of Au—NPs affects the
efficiency of ¢,. In addition, the surface charge played an even
more important role in regulating the generation of singlet
oxygen. It seems that the polymer chain length of (10k) (M,,=
10000) and the obtained thickness of the coating layer formed
on NRs by PEG—SH are the most suited for the energy transfer
in the investigated systems because the most efficient effect of
¢, was observed for the mixture of Au—NRs@PEG—SH (10k) —
Pheide a at the concentrations of 1.33-107""M for Au—NRs
functionalized with PEG-SH (10k) and 1.65-10°M for PS,
respectively. The physical mixtures of Au—NRs@PEG—SH (10k)
and Pheide a were selected for evaluation of biological activity
because they showed the highest ¢, efficiency in comparison
with those of PEG—SH (2k) and PEG—SH (5k). The efficiency of
singlet oxygen generation in the samples studied was approx-
imately 62% (2k), 63% (5k), and 65% (10k) for the assumed
concentration of Au—NRs and different PEG—SH chain lengths of
the coating (Table 2). The small difference in ¢, efficiency
between the NRs coated with a polymer of different chain
lengths and pure PS may be due to the fact that PEG does not
play a significant role in the process of singlet oxygen
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Table 2. Quantum vyields of singlet oxygen generation for
Au—NRs@PEG—SH (2k, 5k, 10k) — Pheide a mixtures excited at 667 nm. The
concentration of Pheide a was adjusted to 1.65-10°M and that of
Au—NRs@PEG—SH was 1.33-10""" M.

Type of polymer $4 (%]
2k 62
5k 63
10k 65

generation in the studied systems. A comparison of the results
of our earlier studies with the data obtained for
Au—NRs@Si0,*® reveals that a better enhancer of singlet
oxygen generation is Au—NRs functionalized with the inorganic
shell than with PEG—SH.

In our previous work,”™ at a low concentration of Au—NRs
(1.33-107"" M) and the 1442.4 nm distance between Au—NRs
and the dye molecule (defined by the thickness of the SiO,
shell), the highest ¢, efficiency was observed for the physical
mixture of Au—NPs@SiO, - Pheide a. The ¢, efficiency
decreased in the physical mixtures studied with increasing
concentration of functionalized Au—NRs.”® The efficiency of ¢,
in the samples with the dyes coupled with nanoparticles was
shown to achieve its maximum value when the distance
between the dye and the plasmonic structure was about 10-
20 nm, depending on the shape of Au—NPs.”¥ It appears that,
even in a physical mixture, the distance between the dye and
the plasmonic nanoparticles causes increased oxygen produc-
tion for Au—NRs shell sizes greater than 12 nm. Based on these
results, an enhancement factor of ¢, was estimated to be in the
range of 8-11% for Au—NRs@SiO, and 0-3% for
Au—NRs@PEG—SH. The higher value for the Au—NRs@SiO, -
Pheide a mixture was obtained can be related to the silica
acting as a homogenous spacer between the metallic core and
PS with simultaneous enhancement of ¢,.”® Our results can be
compared with those reported by Ke et al.®*, who obtained ¢,
enhancement in the hybrid system for the silica thickness of
10.6 nm. In the case of the Au—NRs@PEG—SH - Pheide a system,
the low yields obtained seem to be related to the thickness and
inhomogeneity of the polymer shell.

The first step in evaluation of biological activity was analysis
of the antimicrobial activity of the pure dye (Pheide a),
Au—NRs@SiO,, and of Au—NRs@PEG—SH. In the second stage,
the antimicrobial activity of the Au—NRs-dye physical mixtures
was determined. The antimicrobial activity was tested against
the Gram-positive bacteria S. aureus, which is a medically
important pathogen and the cause of many skin and systemic
diseases. In the case of particularly susceptible individuals and
those with reduced immunity, S. aureus infection can lead to
irreversible complications and even death.”® Nosocomial
infections with S. aureus are often related to post-operative
complications.”” The strain used in the experiment is a
reference pathogen for the testing of the activity of antiseptics.
Due to the rapid development of resistance in many strains of
Gram-positive bacteria, the search for treatments alternative to
antibiotics should be a priority for modern medicine.?**" In the
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study carried out, each system was tested upon excitation with
light at three characteristic wavelengths, which correspond to
the absorption maxima of the ingredients of the system
developed. A clear dependence of the photodynamic activity
on the wavelength of the excitation irradiation was observed.
From among the systems studied, the highest antimicrobial
activity was observed for the physical mixture of
Au—NRs@PEG-SH with Pheide a at the concentrations of
1.33-107° M and 1.65-107® M, respectively, upon excitation at
660 nm (Figure 8). The bactericidal activity of this mixture
exceeded a 5.8 log reduction in bacterial growth (>99.999%
reduction). Irradiation at a wavelength of 660 nm is optimal for
photodynamic purposes, as it covers the therapeutic window
without harming the human body.”? A slightly lower but still
high activity was shown by Pheide a (ca. 5 log) and the physical
mixtures of Au—NRs@SiO, with Pheide a at the concentrations
of 1.33-107" M and 1.65-107% M, respectively. The results of this
study indicate that these systems may be excellent candidates
for medical applications. Importantly, the activity above 4 log
reduction in bacterial growth according to Jori et al. undoubt-
edly classified the investigated systems as bactericidal.*”
However, based on previous research, gold’s historic and well-
documented bacteriostatic and bactericidal effects should be
emphasized.™

On the other hand, the photodynamic antibacterial effect of
the Au—NRs@PEG—SH nanoparticles was not observed. Similarly,
no bactericidal effect was observed for Au—NRs@SiO, with a
lower concentration of NRs after irradiation at 525 nm.

Analyzing the data for the investigated systems irradiated at
405 nm, particular attention should be paid to the increase in
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Figure 8. Biological activity of the investigated systems: a) Au—NRs@SiO, —
6.66-10""" M; Au—NRs@PEG—SH - 6.66-10""" M; Pheide a - 8.25-10°% M;
Au—NRs@Si0, - 6.65-107"> M in mixture with Pheide a — 8.25-107% M;
Au—NRs@PEG—SH - 6.65-107"> M in mixture with Pheide a - 8.25-107% M;
ethanol 5% (v/v); b) Au-NRs@SiO, - 1.2-10""" M; Au—NRs@PEG—SH -
1.33-10" " M; Pheide a - 1.65-10"® M; Au—NRs@Si0, - 1.33-107* M in
mixture with Pheide a - 1.65-107% M; Au—NRs@PEG—SH - 1.33-10"* M in
mixture with Pheide a - 1.65-107% M; ethanol 1% (v/v). The size of Au—NRs
was 53.2 nm+ 1.8 nm (length) and 23.6 nm £ 1.3 nm (width).
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toxicity of the medium containing 5% ethanol. It may be
related to the previously documented increase in the perme-
ability of the bacterial membrane when exposed to UV light.

The use of light in the near-UV range has been shown to
have a negative effect on bacterial growth,¥ but this light can
also be potentially harmful to humans after repeated
exposure.* Therefore, it should be emphasized that the use of
PDT mediated by UV-light, whatever its effect, should be
reserved for surface disinfection or the development of self-
sterilizing materials. In the case of exposure to light at 525 nm,
the bactericidal effect of Au—NPs was clearly predominant,
which could be due to the lower absorption of Pheide a in this
wavelength range. Therefore, to compare the results of bacterial
viability reduction depending on the light wavelength of
irradiation, the use of alternating 525 nm and 660 nm light
irradiation would be valuable in further in vivo studies.

In light of the latest results presented by Dobrucka and
Dlugaszewska, Au—NPs can have an antimicrobial effect per
se."**” The minimum concentration confirmed by the authors
to be bactericidal was 6 ng/ml of Au—NPs against S. aureus. By
using light-activated Au—NRs, they managed to maintain the
bactericidal activity while using a thousand times lower
concentration of the formulation. The potential synergistic
effect allowed the use of an exceptionally low concentration of
the tested systems. The activity of the physical mixtures of
Au—NRs@SiO, or Au—NRs@PEG—SH with Pheide a was main-
tained even at the NRs and PS concentration of 1.33-10° " M
(Figure 8b) and 1.65-107° M (Figure 8a), respectively. Consider-
ing the clinical usefulness of PACT, decrease in the concen-
tration of the formulation reduces the risk of systemic adverse
effects. In addition, Au—NPs may not only have a photodynamic
effect but may also have a complementary photothermal effect.
However, the nature of gold’s antimicrobial activity has not
been fully investigated yet.™ Silvero et al. have compared the
antibacterial activity of Au—NPs exposed to light at a wave-
length of 525 nm vs. those of the samples kept in the dark."*®
Their study shows clear differences in the mechanism of action.
According to the results of the TEM analysis, the Au—NPs
completely surrounded the bacterial cell. The close adherence
of the nanoparticles to the bacteria can justify electrostatic
attraction. The membrane of S. aureus is negatively charged,
while Au—NPs tend to be positively charged. Such a close
interaction between the nanoparticles and the bacterial wall
allows the photothermal effect to occur. In the case of the
nanoparticles proposed in this trial, exposed to a wavelength of
525 nm, a strong activity was only observed at the concen-
tration of 6.66-107"" M (Figure 8a). This may indicate that the
thermal effect dominates, with a lower bactericidal potential
than the photodynamic activity. This mechanism is possible
thanks to the plasmon effect The maximum achieved
antimicrobial activity of the Au—NPs developed by Silverio et al.
was a 3 log reduction of bacterial growth under the influence
of light."® Comparing the data on activity of Au-NPs obtained
by Silvero et al. with those presented in this paper, it can be
concluded that Au—NRs@SiO, or Au—NRs@PEG—SH (at a concen-
tration of 6.0-107", Figure 8a) are much more efficient, as the
activity of the nanorods brings over 5 log reduction. This
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difference may indicate that the modified AuNRs are much
more efficient in transferring the thermal energy to the
anchored bacteria, thereby causing potential micro-damage in
the bacterial walls that facilitate PS penetration. Gil-Tomas et al.
have investigated the activity of Au—NPs conjugates with
chlorin e6 and glutathione against S. aureus, MRSA and S.
pyogenes.*® The maximum bactericidal effect achieved was only
a 2 log reduction in bacterial growth at the conjugates
concentration of 2.88-107% M. The authors observed an undeni-
able synergistic effect between the NPs and the dye, expressed
in the reduction of the minimum bactericidal concentration of
their mixture.* The results presented here were obtained for
the concentration of modified Au—NPs and the dye in the
physical mixtures of almost two thousand times lower than that
in the study presented by the Gil-Thomas group, while the
activity we obtained was twice higher. From the point of view
of potential applications, the use of Au—NPs in minimal
concentrations appears to be extremely beneficial. In 2001, gold
was voted Contact Allergen of the Year, although to this day
the nature of allergic reactions to gold is at least
controversial.®® Nevertheless, the use of the lowest possible
concentration of Au—NPs (a trace element in the human body)
is desirable. Another approach concerning the use of Au—NPs
against bacteria has been reported by Tawfik et al. They studied
the activity of Au—NPs modified with methylene blue against S.
aureus. A formulation containing MB at the concentration of
1077 mg/ml and Au—NPs at the concentration of 10™*M was
irradiated by a 660 nm diode laser with a total fluence rate of
24 J/cm?®. The activation made it possible to achieve a reduction
of 97% (<1 log) in the viable bacteria. This result does not
predispose the formulation to be a potential bactericide. In the
case of the physical mixtures of Au—NRs@SiO, and Pheide a
tested in our study at lower concentrations (Figure 8b), after
excitation with light at a wavelength of 660 nm, a significantly
higher reduction of viable bacterial cells (about 5 log) was
observed compared to the data presented by Tawfik et al.®"

Formulations of Au—NRs with bactericidal activity at the
level presented in this study have been reported by Maliszew-
ska et al.®® The designed Au—NRs—MB conjugates showed over
3 times higher activity than MB alone. The maximum reduction
that could be achieved was 4.7 log. An important issue was the
high dark toxicity of the proposed PS.*? In comparison, the
dark toxicity of Au—NRs@SiO,, Au—NRs@PEG—SH, and their
physical mixtures with Pheide a presented here is negligible
(Figure 8a). The absence of dark toxicity is a desirable property
in the case of preparations with a selective bactericidal action.
At the same time, it increases the chances of using the
proposed formulations in clinical practice.

Conclusions

The synthesis of Au—NRs was carried out by a seed-mediated
growth process. The functionalization process of Au—NRs was
performed with SiO, and PEG—SH with different chain lengths
(2k, 5k, 10k). Pheide a, characterized by the high efficiency of
¢ was chosen for this study because this parameter is the
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most important photophysical factor determining the photo-
dynamic potential and ability to affect biological structures. A
series of physical mixtures was prepared, containing a constant
concentration of the dye and variable concentrations of
Au—NRs. The increase in the intensity of the absorption band in
region 660 nm is the result of the increased concentration of
Au—NRs in each successive mixture. The light absorption spectra
of the tested mixtures are characterized by two different
absorption bands of the electromagnetic wave, at 410 nm and
667 nm, from the Soret band and the Q band, respectively. The
decreasing intensity of the fluorescence band results from the
increasing concentration of Au—NRs in each successive mixture.
Linear Stern-Volmer relationships were obtained for all the
mixtures tested, which is suggestive of a single quenching
mechanism. The most efficient ¢,, of 65%, was observed for the
mixture of Au—NRs@PEG—SH (10k) — Pheide a. In order to
evaluate the biological activity of the systems studied, the
antimicrobial effects against S. aureus of pure dye (Pheide a)
and of its mixture with coated Au—NRs (Au—NRs@SiO, or
Au—NRs@PEG—SH) were checked. From among the systems
studied, the highest activity was observed upon excitation at
660 nm of the physical mixture Au—NRs@PEG—SH (10k) with
Pheide a at the concentration of 1.33:107"° M and 1.65-10°% M,
respectively. The bactericidal activity of this mixture exceeded a
5.8 log reduction in bacterial growth (>99.999% reduction).
Slightly lower but still high activity was obtained with Pheide a
(around 5 log) and the physical mixtures of Au—NRs@SiO, with
Pheide a at the concentration of 1.33-107"° M and 1.65-10°% M,
respectively. The results obtained predestine these systems to
be excellent candidates for use in medical applications.

Experimental Section

Chemicals

Tetrachloroauric acid (HAuCl,-H,0) (99.99%) from Alfa Aesar,
cetyltrimethylammonium bromide (CTAB) (99.00%), sodium boro-
hydride (NaBH,) (98.00%), silver nitrate (AgNO5) (99.99 %), ascorbic
acid (99.00%), sodium hydroxide (99.99%), tetraethylorthosilicate
(TEOS) (99.99%), O-(2-mercaptoethyl)-O’-methylpolyethylene glycol
(PEG-SH M,,~2000 (2k), O-[2-(3-mercaptopropionylamino)ethyl]-
O’-methylpolyethylene glycol (PEG-SH M, /5000 (5k)) (99.99 %)
and O-(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG-SH M,,
~ 10000 (10k)) (99.99%) and 1,3-diphenylobensofuran (DPBF) were
purchased from Sigma Aldrich. Ethanol (EtOH) 99.80 % H,O-free was
purchased from POCH S.A. (Poland). Pheophorbide a (Pheide a) (>
95.00%) was commercially purchased from Frontier Scientific, Inc.
(USA).

Chemical synthesis of gold nanorods (Au—NRs)

Prior to the synthesis process of gold nanorods (Au—NRs), aqua
regia (HCEHNO; 3:1 v/v) was used to treat the glass. Ultrapure
water (Milli-Q, 182 MQ-cm, 71.9840.01 mN-m™") was used
throughout the synthesis process. Au—NRs were prepared accord-
ing to the procedure of Nikoobakth et al.*® with the modifications
previously described by Bfaszkiewicz et al.”® The synthesis of the
Au—NRs was carried out by in situ bottom-up method involving the
reduction of HAuCl, with NaBH, in a two-step process. The Au—NRs
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were synthesized by the seed-mediated growth method, in which
the gold particles are attached to the previously obtained spherical
gold nanostructures for the production of Au—NRs. A transparent
solution is obtained by dissolving CTAB (5 mL, 0.2 M) surfactant in
deionized water, then the precursor (HAuCl,) (5 mL, 0.5 mM) and
the cooled reducing agent (NaBH,) (0.6 mL, 0.01 M) are added. The
solution is brownish-yellow after intensive stirring. The reaction is
carried out under sterile conditions by maintaining the temperature
and humidity at a constant level. The spherical gold NPs (seed
solution) prepared in this way were stored at a temperature of
approx. 28°C, which prevented the crystallization of the CTAB
surfactant. Subsequently, 12 uL of the seed solution was added to
the growth solution containing CTAB (5 mL, 0.2 M), HAuCl, (5 mL,
0.001 M), AgNO; (0.05-0.3 mL, 0.004 M) and ascorbic acid (70 pL,
0.078 M). The growth process takes place when the seed solution is
added at a temperature of 27-30°C. After stirring, the growth
solution changed color, indicating the formation of Au—NRs. During
the synthesis process, modifications were made, e.g. the water was
cooled for the preparation of NaBH,, the gold seeds were stored at
28°C, and the appropriate concentration of AGNO; was determined
to allow precise control of the size of the Au—NRs. At the end of the
synthesis process, the reaction product was properly fractionated
and purified by centrifugation and removal of the supernatant.

The functionalization of Au—NRs with PEG—SH (Au—NRs@PEG—SH)
was carried out according to the modified method described
previously.”**¥ The prepared PEG-SH was added drop by drop
under a sonication procedure. The reaction mixture was allowed to
stand overnight under mild stirring conditions. After that, the
unbound PEG—SH molecules were removed by centrifugation, the
supernatant was discarded and the precipitate containing Au—NRs
was dispersed in milli-Q water. The amount of PEG—SH (2k, 5k and
10k) required to stabilize the surface of the Au—NRs was calculated
according to Manson et al.®® The functionalization of Au—NRs with
SiO, (Au—NRs@SiO,) was carried out using the modified method
proposed by the Liz-Marzdn group® with our slight
modifications.”**® The concentration of the CTAB surfactant must
be controlled throughout the reaction process and tetraethyl
orthosilicate solution (TEOS) was used for functionalization. The
hydrolysis and condensation of TEOS to form SiO, can be catalyzed
by changing the pH. An 0.1 M NaOH solution was added to the
Au—NRs to adjust the pH to approximately 10, and the solutions
were stirred for 30 min. Subsequently, TEOS (90 ul of 20% in
ethanol) was added dropwise and stirred overnight at room
temperature. The Au—NRs were transferred and purified by
centrifuging twice for 30 minutes. The supernatant was removed,
and the Au—NRs were transferred to ethanol for further processing.
During the functionalization, some process modifications were
made: after centrifugation and purification of the Au—NRs, the
surfactant was added again in appropriate concentrations to
control the silica growth process, the pH value was monitored
throughout the process, the solvent for the silane was also
modified, and the transfer of the Au—NRs to ethanol was performed
after prior fractionation and purification by centrifugation and
removal of the supernatant.

Microscopic and spectroscopic studies

The morphology and size dispersion of Au—NRs were characterized
by transmission electron microscopy (HR-TEM) using a JEOL ARM-
200F instrument (200 kV) and JEOL 1400 (120 kV). Au—NRs were
drop-casted on Cu grids and placed on a vacuum desiccator
overnight.

In the physical mixtures with Pheide a, the concentrations of
Au—NRs@SiO, and Au—NRs@PEG-SH were (0, 1.33, 4.00,
6.66)-10""" M (extinction coefficient 3.11-10° M~'cm™®), while the
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concentration of Pheide a was set to 1.65-10°° M. Pheide is not
covalently bound to the nanoparticle surface, the suspensions are a
physical mixture of chemically non-interacting components. The
absorption spectra were measured using a Varian Cary 4000
spectrometer. The fluorescent spectra were collected using a
Hitachi F4500 fluorometer. All the samples were stirred before and
after each collection of spectra. The quantum yield of fluorescence (
¢g) of Pheide a in the physical mixtures was calculated by the
comparative method according to equation (1):

Fs 1 —10% n?
= T 1T A 2 1
¢F (ZSRef FRef 1— -IO,A nﬁef ( )

where: Fs and Fg,s are the areas under the fluorescence emission
spectra of the samples and the reference, respectively; A and Ag,
are the absorbances of the investigated sample and the references
at the excitation wavelength; n and ng,; are the refractive indices of
EtOH. The reference was Pheide a dye (¢ps = 28 %) dissolved in
EtOH.BY

The process of fluorescence quenching of Pheide a versus Au—NRs
concentration ([Au — NRs]) can be described by the Stern-Volmer
constant (Ks,) defined by the expression:

F

F — 1= Ks/[Au — NRs], 2)
where F,, and F, are intensities at the maximum of the fluorescence
spectra of Pheide a in the absence and in the presence of a
quencher (Au—NRs), respectively.®”

The efficiency of the singlet oxygen generation (¢,) was evaluated
by using a photometric method based on the absorbance of DPBF,
which is widely used as a 'O, trap. 'O, was detected via the
photodegradation of DPBF, which readily undergoes a 1,4-cyclo-
addition in reaction with 'O, to form endoperoxides that irrever-
sibly yield 1,2-dibenzoylbenzene.**** For the estimation ¢,, Pheide
a dissolved in EtOH was used as a reference.?” The mixtures of the
investigated (or reference) sample were irradiated with monochro-
matic light using a 1200 W lamp (Oriel 66070) and a Carl Zeiss
SPM2 monochromator with a 10 nm half-width of the band. The
irradiation wavelength (668 nm) was set at the maximum of the Q,
absorption band of Pheide a. The DPBF concentration was kept
constant at ~0.75-107> M. The reaction of the DPBF with 'O, after
irradiation was monitored by measuring the absorbance at 411 nm
using a StellarNet Inc. Black-Comet-HR and DH-2000BAL Ocean
Optics light source and two Ocean Optics high quality optical fibers
to collect the absorption spectra. The value of ¢, was determined
according to the equation:

_ —Ager(0)
ba = ¢Zefkkfs%v (3)
Ref -
where: ¢ is the '0, generation efficiency of the reference, A;(0),
Ag(0) are the absorbances of the investigated sample and the
reference, respectively, at time O; ks, kg.s are the slopes of the linear
semilogarithmic dependencies describing the photobleaching rate
of DPBF in the presence of the investigated and reference samples,
respectively.®

Microbial cultures

The analysis of the antimicrobial activity was carried out according
to the procedure previously described by Sobotta et al.*® Briefly:
Gram-positive Staphylococcus aureus was cultivated in BHI broth
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(bioMerieux, France) for 24 h at a constant temperature of 36 +1°C
under aerobic conditions. After incubation, the bacteria were
centrifuged and harvested (3000 rpm for 15min) and then
resuspended in 10 mM phosphate-buffered saline (PBS, pH=7.0).
Finally, the suspension was diluted with PBS solution by adjusting it
to the value of about 1.5 on the McFarland scale.

Dark activity

The prepared bacterial suspension was added to the wells of a 96-
well microtiter plate, and then solution of the pure PS (Pheide a),
Au—NRs@SiO,, Au—NRs@PEG—SH or their physical mixtures was
added to the wells to achieve the final concentrations. Next, each
system was incubated in the dark at room temperature on a
laboratory shaker (at a speed of 60 rpm) for 30 minutes. At the
same time, a control sample was prepared without adding the
investigated systems. Following the pre-incubation period, the
bacteria were diluted and plated on tryptic soy agar (TSA) plates.
The plates were incubated at a constant temperature of 36+ 1°C
for 24 h, and then the viability of the microorganisms was assessed
by counting CFU. Based on the difference in CFU between the test
and control samples, the log reduction of viable microorganisms in
each sample was determined.

Light-dependent activity

Analogous to the dark activity, the light activity was evaluated.
Identically prepared 96-well microtiter plates after pre-incubation
were irradiated with high-power LED Mul-tiChip Emitters (60 high-
efficiency AlGaAs diode chips, RoithnerLaserTechnik GmbH, Vienna,
Austria). The experiment was carried out independently for the
irradiation with light at three different wavelengths of 405 nm,
525 nm, and 660 nm. In each of the tests, light with a fixed dose of
100 J/em? was used.

Statistical analysis

The unpaired Student’s t-test and the U Mann-Whitney test were
used to determine the significance of the differences between
groups. A probability value (P) of less than 0.05 was considered to
be significantly different. The statistical analysis was carried out
using the STATISTICA software, v.13.0.
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